Introduction
Arsenic (As) is well known to be toxic, and the maximum permissible concentration values in drinking water and foodstuffs are regulated in many countries. [1] [2] [3] [4] Accurate determination techniques for As have therefore been required, but are still difficult to achieve. Because As is a monoisotopic element, isotope dilution inductively coupled plasma mass spectrometry (ICP-MS) cannot be applied. Furthermore, when chloride and/or calcium are present in samples, 40 Ar 35 Cl + and 40 Ca 35 Cl + cause severe interferences at m/z = 75 of 75 As + . 5 In recent years, collision/reaction cells filled with He, H2, NH3, or CH4 have been employed to remove the interferences of coexisting ions. [6] [7] [8] [9] [10] [11] Especially, a reaction cell with O2 gas is extremely useful for As measurements, since As can be measured as AsO + at m/z = 91 while being free from the spectral interference of 40 Ar 35 Cl + and 40 Ca 35 Cl + . This technique is widely used for the analysis of food as well as environmental and biological samples. [12] [13] [14] [15] [16] [17] There is, however, another severe problem in As analysis by ICP spectrometry. The Incoherent Molecular Formation (IMF) effect induces differentiation in the sensitivity between As(III) and As(V) when As is measured as As + at m/z = 75. 18, 19 The sensitivity difference deteriorates the precision of As measurements, since the As species in sample solutions is usually present as a mixture of As(III) and As(V), and since no one knows the As(V)/As(III) ratio. It is difficult to precisely measure As using a single set of optimized conditions, although the sample introduction systems, the plasma parameters and the plasma conditions were investigated in order to control the IMF effect.
The authors have recently found that the use of O2 as a reaction gas is very effective to suppress the IMF effect in As analysis by ICP-DRC-MS as well as to avoid the spectral interferences of 40 Ar 35 Cl + and 40 Ca 35 Cl + . We previously reported the reaction process of oxygenation of As + by O2 in ICP-DRC-MS. 20 In this paper, we discuss the effectiveness of the use of O2 to suppress the IMF effect in ICP-DRC-MS.
Experimental

Apparatus
The ICP-MS instrument used was a NexION ® S300 (Perkin Elmer Inc., Waltham, MA) equipped with a dynamic reaction cell (DRC). Oxygen was used as the reaction gas. A micromist nebulizer and a cyclonic spray chamber were used for sample introduction. The typical operating parameters were as follows: incident rf power, 1600 W; outer Ar gas flow rate, 18 L min -1 ; intermediate Ar gas flow rate, 1.0 L min -1 ; carrier Ar gas flow rate, 1.0 L min -1 ; Rpq and Rpa were adjusted to 0.65 and 0, respectively.
HPLC-ICP-MS was used to identify the As species. As(III) and As(V) were separated by HPLC (L-6000 pump, Hitachi High Technologies Co., Ltd., Tokyo, Japan) with an automatic sample injector (Nanospece SI-2, Shiseido Co., Ltd., Tokyo, Japan). A CAPCELL PAK C18 MG column (250 mm × i.d. 4.6 mm, Shiseido Ltd.) was used with the mobile phase containing 10 mmol L The Incoherent Molecular Formation (IMF) effect, which involves the molecular formation of arsenic (As) atoms depends, on its oxidation state in the inductively coupled plasma. This leads to determination errors, when As is measured by inductively coupled plasma mass spectrometry (ICP-MS). The sensitivity of As(V) is 4 -7% higher than that of As(III) at m/z 75, since the final ionization rates of As(V) and As(III) are different from each other due to the IMF effect. A precise measurement of As by ICP-MS is generally very difficult. Recently, the collision/reaction cell is widely used for ICP-MS to eliminate spectral interferences caused by polyatomic molecules. Especially, oxygen gas (O2) is one of the most useful reaction cell gases for As analysis, because As + is oxygenated into AsO + , which is free from the such interferences as ArCl + . In addition, the use of O2 as a reaction gas is extremely effective for reducing the IMF effect and eliminating the sensitivity difference between As(III) and As(V).
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Reagents
The Japan Calibration Service System (JCSS) As standard solution (ca. 1000 mg L -1 As) was used as the As(III) source standard solution (Kanto Chemical Industries Ltd., Tokyo, Japan), since it is made from high-purity As2O3. The As(V) certified reference material (NMIJ CRM 7912-a), disseminated from the National Metrology Institute of Japan/National Institute of Advanced Industrial Science and Technology (NMIJ/AIST, Ibaraki, Japan), was used as the source of As(V) standard solutions. Both the As(III) and As(V) concentrations are certified and guaranteed to be traceable to the international standard (SI units). The measurement solutions of As(III) and As(V) were diluted from the above-mentioned source standard solutions.
Rhodium and Yb were used as internal standard elements to compensate for any fluctuations in the signal intensities of ICP-MS. They were prepared from JCSS single elemental standard solutions (Kanto Chemical Industries, Ltd.) of Rh (Rh(NO3)3) and Yb (Yb(NO3)3). A Zr standard solution was also used for the experiment.
Ultra-pure water (Milli Q-Labo filter, Nippon Millipore, Ltd., Tokyo, Japan) was used throughout the experiment.
Procedure
We prepared 100 ng g -1 of As(III) and As(V) measurement solutions containing internal standard elements by the gravimetric method. The measurement solutions were analysed by HPLC-ICP-MS to confirm the oxidation states of As just before or after the ICP-DRC-MS measurements.
Arsenic in the As(III) and As(V) measurement solutions was measured by ICP-DRC-MS with and without introducing O2 as the reaction gas. The hydrogenated ions (AsHn + ), oxygenated ions (AsOn + ) and some other (AsX + ) molecular ions were also monitored. The blank values were monitored at each mass number and subtracted from the total intensity.
Results and Discussion
Measurement of IMF effect
To investigate the IMF effect on As analysis, the signal intensities of As + (m/z = 75) and its by-product ions of AsH + (m/z = 76), AsH2 (m/z = 129) were monitored with and without introducing O2 into the DRC. The flow rate of O2 was varied from 0 to 1.0 mL min -1 without any change in the other parameters. In general, it is very important for ICP-MS measurements to select the internal standard elements of which the mass numbers are close to that of the analyte, since they should be affected by almost the same effects, such as the space charge and so on. However, O2 is so reactive with many kinds of elements that the selection of the internal standard is limited. 20 As a result, Rh and Yb were selected as internal standard elements because they do not react with O2. 20 The signal counts of As + and its molecular ions were measured for As(III) and As(V) solutions with 0, 0.3, 0.6 and 1.0 mL min -1 of O2 gas flowing into the reaction cell. The measurement results and their As(V)/As(III) ratios (i.e. the ratios of sensitivities) are summarized in Table 1 .
Arsenic(V) was 5% more sensitive than As(III) because of the IMF effect, as mentioned in a previous paper, when no O2 gas was supplied to DRC. 19 In addition, production of AsHn + of As(III) was about 8.7% of the total ions, although that of As(V) was about 5.3%. The oxygenated derivatives (AsOn + ) were hardly observed for both As(III) and As(V) solutions. When O2 gas was supplied, the oxygenated As derivative (AsO + , m/z = 91) increased to 77% of the total ions with 0.3 mL min -1 of O2 gas, 98% with 0.6 mL min -1 and approximately 100% with 1.0 mL min -1 , while As + (m/z = 75) decreased to 22, 1.5 and 0%, respectively, at the same time. Finally, the counts of As + (m/z = 75) decreased to the blank level, and those of AsO + (m/z = 91) increased to almost 100% although less than 0.1% of AsH2O + and AsO2 + were observed. At the same time, the ratio (expressed as a percentage) of As(V)O + /As(III)O + was 100%; that is, As(III) and As(V) were determined at the same sensitivity.
Elimination of IMF effect by O2 gas
Collision/reaction gas methods were introduced into ICP-MS to remove any interferences of co-existing ions.
6-10 Also, several mechanisms, such as collision-induced dissociation (CID), deionization, charge transfer, proton reactions (protonation, proton shift, proton transfer), oxidation reactions, ion-molecule reactions, and cluster generation, are proposed; further, they may interrelate with each other.
The effects of the reaction gas in DRC have been explained based on the thermochemistry of the reaction between the ion and the reaction gas. The reaction kinetics related to the activation energy of the chemical reaction has sometimes been applied to discussions concerning the effect of the collision/ reaction gas. However, information about the kinetic parameters cannot be obtained by ICP-MS measurements, because only the final products are observed by ICP-MS. Hence, the reaction energy, that is the enthalpy change (ΔH), is a proper parameter to treat thermochemical discussions.
Therefore, we elucidated the mechanism of selective oxygenation by using the bond energy and the enthalpy change (ΔH) between the ions and O, and demonstrated the usefulness of theoretical calculations for discussing the reaction mechanism in DRC. Also, the mechanism of selective oxygenation of ions in ICP-DRC-MS was elucidated by using theoretical calculations, which were based on the enthalpy changes (ΔH) in reactions between elemental ions (M + ) and O2. 20 According to our previous study of the IMF effect, the sensitivity difference in ICP spectrometry was caused by differentiation of the formation of AsH + and AsH3 + from As + between As(III) and As(V). 19 In order to understand the mechanism of the effect of O2 gas, we investigated the enthalpy change (ΔH) of the reaction between the As-related ions and O2 using theoretical calculations. 20 When reactants of A and B react with the products of C and D, the chemical reaction behaves according to Eq. (1). It has a negative enthalpy change, the reaction occurs without any supply of external energy, and the thermochemical reaction equation is shown as Eq. (2) with enthalpy changes (ΔH) in this study. On the other hand, it is given as Eq. (3) when the reaction does not proceed spontaneously:
The enthalpy changes (ΔH) of the following chemical species were calculated: As ion (As + ), hydrogenated molecular ions (AsHn + ) and oxygenated molecular ions (AsOn + ). The neutral As atom (As) was omitted from this calculation, because As atoms are not introduced into the DRC. The results of the thermochemical reaction equations are summarized according to 1-1 -7-3 in Table 2 .
As can be seen from Table 2 , As + reacts with O2 to yields AsO + (1-3) ; hydrogenated molecular ions such as AsH + (2-3), AsH2 + (3-3 -3-5), and AsH3 + (4-4) react with O2 to yield AsO + , too. In addition, AsO3
+ results along with O2 through three reactions (7-1 -7-3), but the main product is AsO + , since the reaction (7-1) has the largest enthalpy change among them. As for the reaction of AsO + (5-1 -5-3) and AsO2 + (6-1 -6-5), however, they do not react with O2, because their reactions are endothermic. That is, once AsO + and AsO2 + are generated in the plasma and/or the reaction cell, they will not be converted to any other molecular ions by reactions with O2. Furthermore, Table 2 suggests that the possibility to generate AsO2 + in the reaction cell is very extreme, since it is yielded from the reaction between AsO3 + and O2. According to theoretical calculations, the main chemical ions of As + , AsH + , AsH2 + , AsH3 + , and AsO3 + are oxygenated to AsO + through the reactions of 1-3, 2-3, 3-3, 4-4 and 7-1, respectively. This expectation from the theoretical calculation well agrees with the observation that AsO + is only a molecular ion measured in the actual ICP-MS.
The main factor governing the IMF effect is the production of AsHn + , as mentioned previously. When O2 gas is used as a reaction gas in ICP-MS, all As + and AsHn + formed in the plasma are converted to AsO + by reaction with O2 regardless of As(III) and As(V). Therefore, there is no sensitivity difference between As(III) and As(V), since As is measured as AsO + . The influence of the As concentrations with 1.0 mL min -1 O2 gas was investigated when it was varied from 10 to 500 As ng g -1 without any changes to the other parameters. The observed behaviour was the same at each concentration, and the dynamic range of the calibration graph was linear up to 500 ng g -1 of As. The calibration graphs for As(III) and As(V) at m/z = 91 are identical, with the detection limit 
Conclusions
When O2 is used as the reaction gas for As analysis by ICP-MS with a dynamic reaction cell, the differentiation of sensitivity the between As(III) and As(V) caused by the IMF effect is suppressed, and spectral interferences, such as 40 Ar 35 Cl + , are eliminated as well, because As + is measured as AsO + . The formation rates of the hydrogenated As ions and the oxygenated As depending on its oxidization state. As a the result, the sensitivity of As(V) is 4 -7% higher than that of As(III). However, all As-related ions, such as As + , AsHn + and AsOn + , are oxygenated to AsO + with the addition of O2 gas in a reaction cell, according to the thermochemical reactions. The final product of all the oxygenation reactions is AsO + , regardless of the oxidation states of As (As(III) and As(V)). Thus, the IMF effect based on the incoherent formation of AsHn + is eventually suppressed. Practically, it is important to supply enough O2 gas to allow for the complete conversion to AsO + in any actual determination. 
